The cannabinoid (CB) system is a key neurochemical mediator of anxiety and fear learning in both animals and humans. The anxiolytic effects of ⌬ 9 -tetrahydrocannabinol (THC), the primary psychoactive ingredient in cannabis, are believed to be mediated through direct and selective agonism of CB 1 receptors localized within the basolateral amygdala, a critical brain region for threat perception. However, little is known about the effects of THC on amygdala reactivity in humans. We used functional magnetic resonance imaging and a well validated task to probe amygdala responses to threat signals in 16 healthy, recreational cannabis users after a double-blind crossover administration of THC or placebo. We found that THC significantly reduced amygdala reactivity to social signals of threat but did not affect activity in primary visual and motor cortex. The current findings fit well with the notion that THC and other cannabinoids may have an anxiolytic role in central mechanisms of fear behaviors and provide a rationale for exploring novel therapeutic strategies that target the cannabinoid system for disorders of anxiety and social fear.
Introduction
Derivatives of the marijuana plant, Cannabis sativa, have been used medicinally and recreationally for thousands of years. Recently, the identification of endogenous cannabinoids as an important neurotransmitter system with CNS functions has led to rapid advances of knowledge. One function that has been identified for the central cannabinoid system is its role in the regulation of anxiety and fear learning in animals (Haller et al., 2002; Marsicano et al., 2002; Martin et al., 2002; Chhatwal et al., 2005; Viveros et al., 2005) . In humans, ingestion of ⌬ 9 -tetrahydrocannabinol (THC), the primary psychoactive ingredient in cannabis and a selective cannabinoid receptor (CB 1 ) agonist, modulates subjective anxiety (Sethi et al., 1986; Wachtel et al., 2002; D'Souza et al., 2004) . CB 1 receptors are expressed in high levels in the amygdala, a region strongly linked with fear responses (Katona et al., 2001; Pistis et al., 2004) , and thus could account for the striking effects of THC on emotion in both nonhuman models and in humans.
Core emotional processes such as anxiety and fear learning are dependent on the amygdala (LeDoux, 2000; Phelps, 2004) . On perception of threat, the lateral nucleus of the amygdala is thought to integrate inputs and excite the central nucleus to evoke fear responses (LeDoux, 2000) . In humans, detection of social signals of threat (e.g., fearful/angry faces) enhances amygdala reactivity (Morris et al., 1996; Whalen et al., 1998) , and individuals with pathological anxiety exhibit exaggerated amygdala reactivity to threatening faces (Rauch et al., 2000; Phan et al., 2006) . In both monkeys and humans, discrete lesions to the amygdala lead to altered fear responses and perception (Kalin et al., 2001; Adolphs et al., 2005) .
There is evidence to suggest that cannabinoids act on anxiety responses and fear learning through their effects on the amygdala. Central CB 1 receptors are expressed at high levels in the lateral and basal nuclei of the amygdala (Katona et al., 2001) , and extinction of aversive memories depends on cannabinoid receptors and signaling within the basolateral amygdala (Marsicano et al., 2002; Kamprath et al., 2006; Laviolette and Grace, 2006) . Activation of CB 1 receptors attenuates the anxiety responses and amygdala activation to aversive stimuli (Patel et al., 2005) , by modulating neuronal firing in the basolateral amygdala (Pistis et al., 2004) . Despite these suggestive lines of evidence in nonhumans, however, the neurocircuitry that underlies the effects of cannabinoids on anxiety in humans remains unknown.
To investigate the neural mechanism underlying the anxiolytic responses to cannabinoids in humans, we examined the effects of THC on threat-related amygdala activation. We used functional magnetic resonance imaging (fMRI) to study acute responses to oral THC (7.5 mg) or placebo in healthy volunteers (n ϭ 16) and examined amygdala reactivity to social signals of threat (fearful and angry faces), in a double-blind, randomized, placebo-controlled design. The fMRI "activation" task was the Emotional Face Processing Task, a well validated probe of amyg-dala reactivity to social threat that has proven useful as a bioassay of pharmacologic (Paulus et al., 2005) and genetic modulation of pathological anxiety (Ressler and Mayberg, 2007) .
Materials and Methods
Subjects. Sixteen healthy, right-handed volunteers (eight males; aged 18 -28 years) participated in this study. All participants had some history of marijuana use but no history or signs of neurological, psychiatric (including substance and alcohol abuse/dependence), or medical illness as confirmed by medical examination and structured clinical interview. Subjects were included if they had used marijuana at least 10 times in their lives but were excluded if they were daily marijuana users. None of the subjects had a positive urine toxicology or alcohol breathalyzer screen at the time of scanning. All participants gave written informed consent after explanation of the experimental protocol, as approved by the University of Chicago Institutional Review Board.
Experimental protocol. This study used a two-session, double-blind, placebo-controlled, within-subject design. The two sessions were scheduled at least 1 week apart. Participants were instructed not to eat for 2 h before coming to the laboratory and to abstain from all drugs for 24 h before and 12 h after each session. We designed the timing of fMRI experiment to match the expected time window for peak subjective effects and plasma levels of THC (Wachtel et al., 2002) . Approximately 120 min before beginning the fMRI tasks, participants ingested an opaque, colored gelatin capsule (size 00) with dextrose filler that contained either ⌬ 9 -THC (Marinol; 7.5 mg; Solvay Pharmaceuticals, Marietta, GA) or placebo (PBO) (containing only dextrose) in random order. This moderate ⌬ 9 -THC dose has been previously shown to produce behavioral and subjective effects (Kirk and de Wit, 1999; Wachtel et al., 2002) . Based on previous work and our main hypothesis, we were primarily interested in the following dependent psychological measures: Drug Effects Questionnaire (DEQ) (Johanson and Uhlenhuth, 1980) and Visual Analog Scales (VAS) (Folstein and Luria, 1973) . The DEQ contained four 100 mm visual analog scales that the subjects used to mark their response the following questions: (1) Do you feel any drug effects (rated from "none at all" to "a lot")? (2) Do you like the effects you are feeling now (rated from "dislike" to "like very much")? (3) Are you high (rated from "not at all" to "very")? (4) Would you like more of what you consumed, right now (rated from "not at all" to "very much")? The VAS consists of five adjectives and visual analog scales: "stimulated," "high (as in drug high)," "anxious," "sedated," and "hungry"; subjects were required to rate on a 10-point scale (1, not at all; 10, extremely) the extent to which they felt each adjective. These affect/drug effect questionnaires were collected 30 min before and at 30, 90, 210, and 270 min (T1-T5) after ingestion of the ⌬ 9 -THC or placebo capsule. Approximately 120 min after ingestion of capsule, the experimental runs of fMRI session began (PBO condition, 125.63 Ϯ 11.49 min; THC condition, 128.75 Ϯ 11.28 min). First, participants performed a variant of the Emotional Face Processing Task (Hariri et al., 2002a) . This task has been previously shown to reliably and robustly engage the amygdala and has been used in other pharmacological fMRI studies (Hariri et al., 2002b; Tessitore et al., 2002; Kirsch et al., 2005; Paulus et al., 2005) . In brief, in the emotion task, participants viewed a trio of faces and selected one of the two faces (bottom) that expressed the same emotion as the target face (top). The identity of all three faces was always different, and an equal number of male and female faces were presented. The target and congruent probe face displayed one of three expressions (angry, fearful, or happy), and the other (incongruent) probe face always displayed a neutral/nonemotional expression. This design allowed us to isolate amygdala reactivity specifically to social threat (angry and fearful faces) relative to nonthreat (happy faces), which have similar perceptual characteristics except for the threat/nonthreat signal conveyed. The face photographs were selected from the validated stimulus set from Gur et al. (2002) . Of note, the angry, fearful, and happy target faces were presented in separate blocks. Three blocks of each target expression were presented, and no target stimuli were repeated within or across blocks. To maintain attention and allow limbic brain responses to return to baseline, the face matching tasks were interspersed with a "baseline" task, in which subjects matched simple geometric shapes (circles, rectangles, or triangles) similar to instructions above. The paradigm consisted of 18 experimental 20 s blocks: 9 blocks of matching emotional faces, interleaved with 9 blocks of matching shapes, counterbalanced across two runs for total task time of 6 min. Each task block contained four sequential matching trials, 5 s each. Participants responded to tasks by pressing the left or right response buttons with their dominant hand. These responses also provided a measure of participants' response accuracy and reaction time.
Second, participants performed a simple visual-motor task, separate from the emotion task above. This visual-motor task was used to engage and isolate activation of the primary visual and motor cortex, in order for us to examine the effects of THC on regional activity outside of the amygdala and unrelated to emotional processing. The visual-motor task consisted of alternating on-off 20 s blocks during which subjects either viewed a flashing checkerboard while pressing their right index finger rhythmically ("on") or viewed a blank gray screen with a fixation crosshair and remained motionless ("off"); this sequence consisted of six on and eight off epochs over two runs for a total task time of 4 min and 40 s.
Functional imaging: acquisition and analysis. fMRI was performed on a 3T GE magnetic resonance scanner at University of Chicago Brain Research Imaging Center. Functional images [i.e., blood oxygenated leveldependent (BOLD)] were collected from 30 axial, 5-mm-thick slices using a T2*-sensitive gradient echo reverse spiral acquisition sequences (repetition time, 2000 ms; echo time, 25 ms; 64 ϫ 64 matrix; 24 cm field of view; flip angle, 77), optimized to minimize susceptibility artifacts in the amygdala (Stenger et al., 2000) . This was followed by a highresolution, T1-weighted volumetric anatomical scan (three-dimensional magnetization-prepared rapid gradient echo) for anatomical localization.
Data from all 16 subjects met criteria for high quality and scan stability with minimum motion correction (Ͻ3 mm displacement in any one direction) and were subsequently included in fMRI analyses. The first four volumes from each run were discarded to allow for T1 equilibration effects. Functional data were analyzed using SPM2 (Welcome Department of Cognitive Neurology, London, UK; http://www.fil.ion. ucl.ac.uk/spm) and described previously . In brief, images were spatially realigned to correct for head motion, warped to an EPI template in Montreal Neurologic Institute (MNI) space, resampled to 2 mm 3 voxels, and smoothed with an 8 mm 3 kernel to minimize noise and residual differences in gyral anatomy. The general linear model was applied to the time series, convolved with the canonical hemodynamic response function (Friston et al., 1995) and with a 128 s high-pass filter. Condition effects were modeled with box-car regressors representing the occurrence of each block type, and effects were estimated at each voxel, and for each subject. Individual contrast maps [SPMs (statistical parametric maps)] were then analyzed at the second level in a random-effects statistical model (Holmes and Friston, 1998) . First, using linear contrasts, we compared amygdala response during angry/fearful face processing relative to happy face (threat vs nonthreat) processing in the placebo session to confirm amygdala activation was present and detectable during the nondrug session and to allow for inferences of THC-induced attenuation of BOLD signal increases. Significant emotion-specific activations of the amygdala were then analyzed in a repeated-measures statistical model. A statistical image for the contrast of social threat versus nonthreat was obtained for each stimulus type and analyzed in a second-level random-effects model (ANOVA) for significant differences in amygdala activation between the THC and PBO condition. The threshold for significance was set to p Ͻ 0.05, corrected for multiple voxelwise comparisons across the amygdala region of interest (ROI) (Worsley et al., 1996) , as defined anatomically by atlas (Walter et al., 2003) . In addition, to obviate bias, we extracted BOLD signal responses (parameter estimates, ␤ weights) of threat versus nonthreat activation from an anatomically based ROI in THC and PBO sessions; in other words, the signal was extracted from an anatomical-based amygdala ROI (Walter et al., 2003) 
To examine the regional and task-related specificity of THC-mediated effects, we also confirmed activation of primary visual (V1) and motor (M1) cortex [M1, mapped to ipsilateral (left) motor cortex controlling right index finger movement] during the visual-motor task (ON vs OFF) during the placebo and that no differences existed between THC and placebo sessions in terms of V1 and M1 activation using both voxelwise and ROI-based analyses; significance was set liberally at p Ͻ 0.05, uncorrected.
In addition, to obviate bias and for subsequent generation of new hypotheses, we report activation results in brain regions other than the amygdala. Activations to pertinent contrasts (threat vs nonthreat; PBO vs THC) are shown at a significance height/intensity threshold of p Ͻ 0.001, uncorrected, and extent threshold of clusters with a minimum of 20 contiguous voxels (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
Behavioral data analysis. We determined the effects of THC on emotion matching accuracy (percentage correct) and response times (in milliseconds) using a drug (THC, PBO) by condition (threat, nonthreat) ANOVA; significant main effects or drug by condition interactions were followed up with paired t tests (THC vs PBO). Subjective mood/drug effects (DEQ, VAS) were analyzed using two-factor ANOVA with factors drug (THC, PBO) and time (T1-T5). Significant main effect of drug and drug by time interactions were followed with paired t tests (THC vs PBO) to examine the source of significance. Significance for all tests was set at p Ͻ 0.05, two-tailed.
Results
The participants had a mean (ϮSD) age of 20.8 (Ϯ2.6) years and used marijuana at a mean (ϮSD) frequency of 2.0 (Ϯ2.4) times per month. One-half of the participants were male (n ϭ 8), and 13 identified themselves as Caucasian (one African-American, one Asian American, one of mixed ethnicity). Their current use (mean Ϯ SD) of alcohol was 5.4 Ϯ 3.1 drinks per week, of caffeine was 6.8 Ϯ 6.4 drinks per week, and of tobacco was 12.0 Ϯ 21.3 cigarettes per week (six were daily cigarette smokers).
Behavioral results (n ϭ 14; data from two subjects are unavailable because of mechanical failure of the response box) show that there was a significant main effect of condition for both accuracy and response time (accuracy: F (1,13) ϭ 5.35, p ϭ 0.038; response time: F (1,13) ϭ 83.00, p ϭ 5.24 ϫ 10 Ϫ7 ), such that subjects were more accurate and faster for the nonthreat compared with the threat condition [accuracy (percentage correct Ϯ SD): nonthreat, 97.3 Ϯ 6.9%, vs threat, 95.2 Ϯ 7.2%; t ϭ 2.32; p ϭ 0.04; response time (in milliseconds Ϯ SD): nonthreat, 1298 Ϯ 273 ms, vs threat, 1551 Ϯ 304 ms; t ϭ 9.13; p ϭ 5.14 ϫ 10 Ϫ7 ]. However, there were no significant main effect of drug or drug by condition interactions on accuracy or response times (values of p Ͼ 0.05).
Subjective data were missing from two subjects on the DEQ (n ϭ 14) and from one subject on the VAS (n ϭ 15). THC significantly increased ratings of "feel" drug and feeling "high" [significant drug by time interactions: "feel" (F (4,56) ϭ 7.3, p Ͻ 0.001); DEQ "high" (F (4,56) ϭ 5.0, p ϭ 0.002); and VAS "high" (F (4,60) ϭ 6.9, p Ͻ 0.001)]. Follow-up t tests revealed that the mean scores on these measures were significantly higher for THC, relative to placebo, at the following time points: at 90, 210, and 270 min (all values of p Ͻ 0.05), and peaked between the 90 and 210 min (Fig. 1) . Thus, the subjective peak effects coincided with fMRI measurement of amygdala reactivity. THC did not significantly change ratings of DEQ "like drug" or "want more" or VAS ratings of "stimulated," "anxious," "sedated," and "hungry."
The fMRI data showed that THC significantly attenuated amygdala activation to threatening faces but had no effect on primary visual and motor activation. In the voxelwise fMRI data analysis, a significant drug by threat interaction (PBO Ͼ THC by threat Ͼ nonthreat) was localized to the right lateral amygdala [peak MNI coordinates (36, 0, Ϫ24); F (1,30) ϭ 13.92; p Ͻ 0.02, corrected]. During the placebo session, amygdala activation was greater for threat (fearful, angry) than nonthreat (happy) faces in the right lateral amygdala [(34, 0, Ϫ20); Z ϭ 3.16; p ϭ 0.02, corrected] (Fig. 2 A) , confirming previous findings of amygdala reactivity to threat signals (Phan et al., 2002; Zald, 2003) . Notably, however, this threat-related activation was absent during the THC condition, even at lowered significance thresholds (e.g., p Ͻ 0.05, uncorrected) (Fig. 2 B) . Compared with placebo, THC significantly attenuated right lateral amygdala activation to threat [(36, 0, Ϫ24); Z ϭ 3.19; p Ͻ 0.02, corrected] (Fig. 2C) . The ROI-based fMRI data analysis was consistent with this, revealing greater right amygdala activation to threat-related (angry/fearful Ͼ happy) faces in the placebo than the THC session [␤ weight (in arbitrary units), mean Ϯ SEM: PBO, 0.21 Ϯ 0.12, vs THC, Ϫ0.05 Ϯ 0.11; p Ͻ 0.05; Cohen's d ϭ 0.34]. Moreover, greater amygdala reactivity was observed on the PBO relative to the THC session in each threat-related condition separately (angry Ͼ happy: PBO, 0.15 Ϯ 0.05, vs THC, Ϫ0.01 Ϯ 0.04; p Ͻ 0.05; fearful Ͼ happy: PBO, 0.16 Ϯ 0.07, vs THC, Ϫ0.08 Ϯ 0.06; p Ͻ 0.05), suggesting that THC attenuated amygdala reactivity to both angry and fearful faces. To clarify whether THC modulated amygdala reactivity to threat or nonthreat faces, we compared threat and nonthreat conditions separately against the "control" task of matching geometric shapes (which were interspersed between the emotional face blocks). Relative to matching shapes, amygdala reactivity to nonthreat faces was greater during the THC than PBO session (THC, 0.10 Ϯ 0.08, vs PBO, Ϫ0.25 Ϯ 0.14; p Ͻ 0.05) (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In addition, relative to matching shapes, amygdala reactivity to threat faces was greater during PBO than THC session (PBO, 0.47 Ϯ 0.15, vs THC, Ϫ0.11 Ϯ 0.12; p Ͻ 0.05) (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The pattern of change in amygdala reactivity suggests that the THC effect on amygdala reactivity to threat (vs nonthreat) was primarily driven by attenuation of its response to threat signals (angry, fearful). The THC-mediated increase in amygdala response to signals of nonthreat (i.e., happy faces vs shapes), concurrent with its attenuation to threat-related signals, is an interesting finding that we did not predict a priori, and could be related to the prosocial effects of THC (Foltin and Fischman, 1988; Haller et al., 2004) or its enhanced processing of rewardrelated signals (i.e., happy faces) (Gardner, 2005) . Future studies are needed to disentangle the differential effects of THC/canna- binoids on appetitive and aversive stimuli. Of note, THC also attenuated threatrelated activation in the left amygdala, but the effect was not significant (PBO, 0.17 Ϯ 0.11, vs THC, 0.06 Ϯ 0.15; p ϭ 0.31; Cohen's d ϭ 0.19).
During the visual-motor task, V1 and M1 were activated during both the placebo [V1, (Ϫ6, Ϫ74, 0); Z ϭ 4.64; p Ͻ 0.05, corrected; left M1, (Ϫ48, Ϫ12, 60); Z ϭ 4.64; p Ͻ 0.05, corrected] and THC sessions [V1, (Ϫ8, Ϫ78, Ϫ2); Z ϭ 4.64; p Ͻ 0.05, corrected; left M1, (Ϫ44, Ϫ14, 54); Z ϭ 6.47; p Ͻ 0.05, corrected]; no significant differences were noted in V1 and M1 activation between PBO and THC sessions. In support, ROI-based fMRI data analysis of V1 and M1 activation confirmed a lack of difference between PBO and THC conditions (V1: PBO, 1.48 Ϯ 0.20, vs THC, 1.47 Ϯ 0.18; p ϭ 0.95; M1: PBO, 0.12 Ϯ 0.12, vs THC, 0.83 Ϯ 0.10; p ϭ 0.63).
In post hoc Pearson correlation analyses, we examined the relationship between (PBO Ͼ THC) change in right-sided threatrelated amygdala activation (extracted parameter estimates of activation from right amygdala ROI) and change (THC Ͼ PBO) in subjective mood related to drug (DEQ "feel drug" and "drug high"; VAS "high") at the 90, 210, and 270 min time points, at which THC exhibited a significant increase in ratings. The extent of attenuation of right amygdala reactivity by THC was positively related to extent of increase in DEQ "feel drug" by THC at the 210 time point at trend level significance (r ϭ 0.48; p Ͻ 0.06, twotailed); this correlation should be interpreted cautiously given that the significance is not corrected for the number of correlations analyzed. No other significant associations were observed with DEQ "drug high" or VAS "high" or at the other time points (all values of p Ͼ 0.10).
Discussion
We found that a cannabinoid attenuated limbic reactivity to a social threat stimulus in humans. Using placebo-controlled THC administration and a well validated task to probe threat responses, we found that THC significantly reduced amygdala reactivity to faces conveying threat in recreational marijuana users. The THC-induced attenuation was specific to threatening (vs nonthreatening) stimuli and discretely localized to the amygdala; THC did not affect activity in visual and motor cortex. THC increased subjective reports of drug "high" and "feel drug" but did not affect task performance or induce nonspecific drug effects (e.g., subjective arousal, sedation, anxiety). Reduction of amygdala reactivity to social threat by THC, an exogenous cannabinoid, is consistent with our a priori hypothesis. The current findings fit well with the notion that THC and other cannabinoids may have an anxiolytic role in central mechanisms of fear behaviors.
The THC-mediated effect on amygdala responsivity we describe at the neurobiological level was moderate in size in a relatively small sample population and in the absence of significant changes in subjective anxiety. The moderate dose of THC increased ratings of "drug high" and "feel drug" but, consistent with what has been reported previously, did not increase feelings of anxiety (Chait and Zacny, 1992; Wachtel et al., 2002) . Thus, the drug attenuated threat-related amygdala reactivity without concurrent observable changes in anxiety. The absence of overt conscious anxiolytic activity may be related to several factors. First, amygdala activation as measured by fMRI may be the more relevant indicator of the central effects of THC on conscious threat perception (Adolphs, 2002) , and changes in self-reported subjective state may not be relevant to the organism's response to threat. Second, the self-report scales (VAS) used here may not be sensitive to the emotion-relevant and/or fear-specific changes induced by THC, and anxiolytic effects in these healthy, nonanxious subjects may only be apparent with stronger anxiety-inducing stimuli. Third, higher doses or alternative methods of THC administration may be needed to induce effects on anxiety levels (D'Souza et al., 2004) . Of note, several other pharmacological fMRI studies using drugs known to have anxiolytic effects have observed significant reduction of amygdala reactivity to conscious and nonconscious threat cues (e.g., angry/fear faces) in the absence of changes in subjective anxiety (Paulus et al., 2005; Harmer et al., 2006) and prosocial effects (Kirsch et al., 2005) . Hence, amygdala reactivity may be an important assay of the effects of THC on brain function in relation to threat-related reactivity, despite the absence of self-reported changes in anxiety.
Consistent with findings in nonhumans, the amygdala is critical and particular to threat perception and fear learning in humans (LeDoux, 2000; Zald, 2003; Phelps, 2004; Adolphs et al., 2005) . Activation in the amygdala increases with exposure to faces that convey threat, such as fearful and angry faces, but diminished with faces that convey acceptance, such as happy faces (Morris et al., 1996; Whalen et al., 1998) . Consistent with this, individuals with social phobias exhibit exaggerated amygdala reactivity to threatening faces (Stein et al., 2002; Phan et al., 2006) , whereas those who eagerly engage in social interactions (social fearlessness) show diminished amygdala reactivity to the same types of faces . Amygdala hyperactivity to threatening faces has also consistently been observed in patients with anxiety disorders (Etkin and Wager, 2007) . It is important to note that our emotional face matching task and subsequent analysis aimed to compare processing of faces that signal threat (angry, fearful faces) against matched faces that did not signal threat (happy faces). Given that we specifically observed amygdala activation to the threat-related and not to nonthreat, social signals during the placebo session, the effects observed in the THC session can be ascribed distinctly to attenuation of amygdala activation that is specific to threat faces. The observation that THC reduced reactivity to threat-related stimuli is consistent with other evidence that cannabinoids play a role in fear and anxiety. Although high doses of THC may appear to increase anxiety (D'Souza et al., 2004; Genn et al., 2004; Viveros et al., 2005) , low doses of cannabinoid receptor (CB 1 ) agonists, including THC, attenuate anxiety responses in animal models of fear and anxiety, including the elevated plus-maze and social interaction tests (Onaivi et al., 1990; Navarro et al., 1993; Rodriguez de Fonseca et al., 1997; Berrendero and Maldonado, 2002) . In contrast, genetic disruption of the CB 1 receptor and selective pharmacological CB 1 antagonism enhance anxiety responses (Rodriguez de Fonseca et al., 1997; Hajos and Freund, 2002; Haller et al., 2002; Martin et al., 2002) . Human recreational cannabis users often report that low doses of the drug produce feelings of calmness and decreased anxiety (Abood and Martin, 1992; Porter and Felder, 2001) , and as a result, CB 1 receptor and endocannabinoid modulation are currently under study as targets for new treatments of anxiety disorders (Witkin et al., 2005) . At the neuroanatomical and synaptic level, it has been hypothesized that the anxiolytic effects of cannabinoids are mediated via CB 1 activation of GABAergic (Katona et al., 2001) or glucocorticoid (Rodriguez de Fonseca et al., 1997) mechanisms within the amygdala. CB 1 receptors are densely localized to a distinct population of GABAergic interneurons in the lateral and basal (BLA), but not central (CeA), nuclei of the amygdala (Katona et al., 2001) . The baso/lateral amygdala is thought to process aversive sensory stimuli via afferent inputs to central amygdala (LeDoux, 2000) . It is also believed that GABAergic neurons in the intercalated nuclei serve as an intermediate relay station to generate feedforward inhibition of central amygdala after activation by basolateral amygdala (Pare and Smith, 1993) . The effects of selective CB 1 agonists on GABA-mediated inhibitory postsynaptic currents at lateral, but not central, amygdala nuclei may reduce inhibitory tone on basolateral amygdala cells. Thus, CB 1 -mediated agonism, by endocannabinoids or exogenous THC, reduces GABA release in BLA interneurons, thereby reducing their inhibition of GABAergic neurons of the intercalated nuclei, which, in turn, increases their inhibition of the pyramidal neurons of the CeA (Katona et al., 2001) . In other words, the reduction in inhibitory tone may in turn indirectly reduce anxiety by enhancing the activity of intercalated GABAergic cells that inhibit activation of the central nucleus (Katona et al., 2001) . In support, it has been shown that CB 1 agonists decrease the excitability of projection neurons in the rat basolateral amygdala (Pistis et al., 2004) . In humans, the benzodiazepine, pro-GABAergic anxiolytic agent lorazepam has been shown to attenuate amygdala reactivity to threatening faces (Paulus et al., 2005 ).
An alternative mechanism by which cannabinoids may exert their anxiolytic effects is via stress-related hormonal systems. Cannabinoids decrease corticotrophin-releasing hormone (CRH) levels in the central nucleus of the amygdala, and decreased CRH levels are associated with decreased aversive stress responses (Rodriguez de Fonseca et al., 1997) . In animals, CRHmediated activation of amygdala regulates stress and fear responses to aversive sensory stimuli (Davis, 1992) . In humans, endogenous cortisol release has been associated with enhanced amygdala activation to fear-related stimuli (van Stegeren et al., 2007) and low doses of exogenously administered glucocorticoids have been shown to reduce social stress-induced fear in humans (Soravia et al., 2006) . Thus, there is evidence for both GABAergic and CRH-mediated mechanisms for the anxiolytic effects of THC, and it is quite possible that CB 1 receptor activation may also involve other neurochemical (serotonin, cholecystokinin, opioid, etc.) systems relevant to anxiety and fear behaviors (Viveros et al., 2005) .
This study should be considered preliminary, and several key related questions remain to be examined. First, although sufficiently powered to detect changes in amygdala reactivity by pharmacologic challenges (Paulus et al., 2005) , the sample is insufficient to examine known individual differences in the effects of THC on mood, behavior, and/or brain responses (Wachtel et al., 2002; D'Souza et al., 2004) . Second, we chose to administer a low dose of THC in this initial study, and thus, future studies are needed to determine dose-dependent effects of THC on amygdala reactivity to social threat and to examine whether a biphasic (e.g., U-shaped pattern) effect exists at low and high doses, which could help explain differential effects on anxiety levels at varying doses of THC. Moreover, a dose-response study would lend greater support to the inference for a direct effect of THC on amygdala reactivity in relation to dose (Paulus et al., 2005) . Third, in addition to amygdala reactivity to social threat conveyed by faces, it would be informative to extend to investigations on the effects of THC on other amygdala-mediated anxiety behaviors such as fear learning in humans, previously shown to be modulated by cannabinoid systems in animals (Marsicano et al., 2002) . Fourth, future studies should examine the effects of antagonists at CB 1 receptors and exogenous agents that modulate endocannabinoid levels (e.g., rimonabant) on limbic reactivity (Witkin et al., 2005) . Fifth, we focused our a priori hypothesis on the amygdala, a region known for its role in threat perception and richly innervated by CB 1 receptors, and thus the direct and indirect effects of THC on other regions (e.g., hippocampus, prefrontal cortex) await additional investigation. Lastly, the anatomical ROI used in our planned analyses does not encompass the dorsal extended amygdala (e.g., sublenticular extended amygdala/substantial inominata). Of note, the spatial location and extent of amygdala subregions varies between individuals and standard atlas systems, including the one used here, do not provide information about this interindividual anatomical variability. In addition, the spatial resolution of fMRI and the signal-to-noise ratio in this area of the brain does not enable differentiation of the various subregions or nuclei of the amygdala. These issues limit inferences about the effects of THC on specific amygdala subregions and nuclei (ventral/basolateral nuclei vs dorsal/central nuclei). Resolving this important topic awaits advances in fMRI and other in vivo human functional neuroimaging techniques.
In summary, our data demonstrate a significant and selective impact of THC on amygdala reactivity to social signals of threat in humans. The findings extend the accumulating evidence on cannabinoid modulation of anxiety in humans and nonhumans, and provide evidence for a neuroanatomical site of action for the anxiolytic effects of THC. The current data could prompt the development of new therapies that act on cannabinoid systems to modulate fear behaviors in neuropsychiatric disorders such as social phobia, autism, and schizophrenia, in which social fear or withdrawal, and aberrant reactivity to threat are cardinal features.
